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Abstract
Three-dimensional (3D) shape discrimination could be achieved using relative disparity signals or it could be achieved using a higher-
order disparity derivative detector. Two 3D shape discrimination tasks were used to distinguish between these possibilities: a within-shape
task and a between-shape task. Disparity thresholds were larger when discriminating within the same shape than when discriminating
between shapes. More importantly, within-shape discriminations were dependent on the pedestal disparity (distance from Wxation)
whereas between-shape discriminations were not. The results suggest that a mechanism sensitive to higher-order disparity derivatives can
achieve discrimination between diVerent 3D shapes.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction sequence to the next, consistent with the changes in positionHuman observers have an extraordinary ability to dis-
criminate relative disparity, deWned as the comparison of
two absolute disparity signals (Andrews, Glennerster, &
Parker, 2001; Kumar & Glaser, 1992; Prince, Pointon,
Cumming, & Parker, 2000; Westheimer, 1979; Westheimer
& McKee, 1979). Thresholds for relative disparity discrimi-
nation between two features can be as low as a few seconds
of arc (McKee, 1983; Norman & Todd, 1998). Can the
visual system use this relative disparity hyperacuity to dis-
criminate three-dimensional (3D) shape? The answer, it
appears, depends on both the stimulus and the task.
The answer to this question requires an analysis of the
observer’s task (Glennerster, Rogers, & Bradshaw, 1996).
The central issue is whether a task can be completed by com-
paring relative disparities alone or whether the magnitudes
of relative disparities are required to complete the task. An
analogous situation is found when examining the recovery
of 3D structure from motion (Koenderink & van Doorn,
1991). Consider, for example, a two-frame sequence of a set
of points. The points change position from one frame of the
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ation is computationally similar to that of recovering 3D
shape from two views using binocular stereopsis. In struc-
ture from motion studies, two types of tasks have been
investigated: tasks which require an aYne depth representa-
tion (also known as bas relief) and tasks which require a
metric (or Euclidean) depth representation.
The aYne structure of a 3D object can be recovered by
comparing the ratio of local motions (or local relative dis-
parities) between points on a stimulus. AYne structure,
however, does not specify a unique 3D object, because the
same pattern of relative motions (or relative disparities)
speciWes diVerent 3D shapes at diVerent viewing distances.
Rather, the shape of the object can only be determined up
to a “stretching factor” along the line of sight (Koender-
ink & van Doorn, 1991; Norman & Todd, 1993; Todd &
Bressan, 1990). Thus, observers have no problem discrimi-
nating between diVerent 3D shapes, but encounter great
diYculty discriminating two of the same shapes that diVer
only by length in the z-axis (Eagle & Blake, 1995; Hoger-
vorst & Eagle, 1998; Norman & Todd, 1993; Van Damme
& van de Grind, 1993). A metric depth representation is
one in which additional information from either the stim-
ulus (such as vertical disparity or perspective projection)
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used to scale relative motion or relative disparity (Gard-
ing, Porrill, Mayhew, & Frisby, 1995). Because the same
pattern of relative horizontal disparities speciWes diVerent
3D shapes at diVerent viewing distances, an estimate of
viewing distance is required for accurate discrimination in
some tasks. Johnston (1991), for example, showed that the
ability to match a 3D cylinder’s half-depth to its height at
various viewing distances was severely compromised
when cues to viewing distance were unavailable. Under
conditions that allowed viewing distance to be estimated,
however, van Damme and Brenner (1997) found
improved 3D shape matching performance. A similar situ-
ation exists when recovering 3D shape from local 2D
motion. Observers are relatively insensitive to stretches in
depth but are able to detect changes that occur parallel to
the image plane (Hogervorst & Eagle, 1998; Norman &
Todd, 1993).
The well-established theoretical and experimental dis-
tinction between aYne and metric tasks suggests that rela-
tive disparity hyperacuity could only be used in 3D shape
discrimination when the task is to discriminate between
shapes rather than within shapes. Koenderink (1986) and
others (Lappin & Craft, 2000; Rogers & Cagnello, 1989),
however, have discussed an alternate mechanism capable of
discriminating 3D surfaces that is not directly dependent on
relative disparity (or relative motion). They suggest that 3D
shape could be encoded by detectors that respond to the
higher order spatial derivatives of disparity—in other
words, to the global rate of change in relative disparity
across space. As Rogers and Cagnello (1989) describe, local
disparity detectors are necessary only to determine relative
disparity (a 1st-order signal). The change in relative dispar-
ity, integrated over space (a 2nd-order signal), provides the
information necessary to perform 3D shape discrimina-
tions. This proposal makes an important prediction that
distinguishes it from shape discrimination based on relative
disparity alone: shape discrimination from higher-order
derivatives of disparity is not dependent on either viewing
distance (Domini, Adams, & Banks, 2001) or distance from
the Wxation plane. This is because the rate of change in rela-
tive disparity is independent from the magnitude of relative
disparity.
Fig. 1 shows how an operator of this kind might repre-
sent 3D shapes. The spatial derivative of relative disparity
for surfaces curved parabolically through depth is constant.
For “pointy” surfaces (i.e., those with two relative disparity
gradients in opposite directions), the spatial derivative is
constant except for a central peak. Other 3D shapes, such
as the “boxy” shape shown in Fig. 1, will have a unique spa-
tial derivative signature. Note that all surfaces with the
same shape, whether shallow (peak close to the Wxation
plane) or deep (peak distant from the Wxation plane), will
have the same spatial derivative signature. According to
this hypothesis, an observer’s ability to discriminate 3D
shapes is dependent on the discriminability of the shapes’
2nd order spatial derivatives.A number of studies have examined the ability to make
3D shape discriminations based on higher-order disparity
derivatives, with conXicting results. Rogers and Cagnello
(1989) report that curved 3D surfaces can be compared
accurately to other curved surfaces at diVerent distances. de
Vries, Kappers, and Koenderink (1993, 1994) developed a
strategy for identifying curved 3D surfaces based on two
parameters: the “curvedness”, which requires a measure of
viewing distance, and the “shape index”, which does not.
De Vries et al. found that observers were able to accurately
use the shape index to discriminate, categorize and match
3D surfaces of various curvedness. This outcome suggests
that higher-order derivatives of disparity can indeed be
used to discriminate 3D surfaces without the need to scale
relative disparity by viewing distance. Further support for
the idea that higher-order spatial derivatives are used in 3D
shape perception comes from a study by Domini et al.
(2001). They found a 3D shape after-eVect that was depen-
dent on higher-order disparity derivatives (and indepen-
dent of viewing distance).
In contrast, there are a number of experiments which
suggest that higher-order derivatives of disparity are not
used in the perception of 3D shape. van Damme and Bren-
ner (1997), for example, in a 3D matching task, used a
“contour” stimulus of a spherical object. The stimulus con-
tained disparate circular contours that deWned the edges of
the sphere, but the surface of the sphere was devoid of all
but one disparate feature. Van Damme & Brenner reasoned
that with such a poor disparity Weld, higher-order deriva-
tives of disparity were ill-deWned. Three-dimensional shape
matching, however, was unaVected by the lack of higher-
order disparity information, suggesting that this informa-
tion is not required for 3D shape judgments.
The current set of experiments examine the conditions
under which 1st-order (relative disparity) and 2nd-order
Fig. 1. DiVerent 3D shapes have unique second spatial derivative “signa-
tures”. Three-dimensional surfaces are shown in proWle in the top row and
the second spatial derivative of disparity for each surface is shown directly
below. An operator of this kind is insensitive to both the magnitude of rel-
ative disparity in a surface and insensitive to the distance of the surface
from the Wxation plane.
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3D shape. The logic of the analysis relies on another well-
known fact of human psychophysical performance. A great
deal of previous research has established that the threshold
for discriminating disparity signals depends not only on the
relative disparity between the signals, but (more impor-
tantly for the present study) also on the distance of the sig-
nals from the Wxation plane (Blakemore, 1970; Badcock &
Schor, 1985; McKee, Levi, & Bowne, 1990; Schumer &
Julesz, 1984; Tyler, 1974). A given diVerence in relative dis-
parity between a pair of features is therefore more diYcult
to discriminate when both members of the pair are distant
from Wxation than when near Wxation. In short, relative dis-
parity discrimination obeys Weber’s law. Thus, one would
expect that 3D shape discrimination using relative disparity
information would be best in the Wxation plane, and
increasingly worse as the distance from the Wxation plane
increases. This outcome is consistent with psychophysical
properties of local disparity detectors, whose sensitivity co-
varies with the absolute value of disparity (i.e., the “size-dis-
parity correlation”; Smallman & MacLeod, 1994).
A unique procedure was used to generate and manipu-
late visual stimuli in order to check for Weber’s law behav-
ior. The stimuli were generated from a single parabolic
function of the general form y D axb. In this equation, a
controls the disparity range of the stimuli (maximum dis-
tance of the center of the surface from Wxation), and b con-
trols the rate at which disparity changes (i.e., the shape of
the surface). This equation was used to generate a family of
surfaces including surfaces with the spatial derivative pro-
Wles shown in Fig. 1. Importantly, the equation allowed the
value of a to be manipulated separately from the value of b;
in other words, the distance of the center of a surface from
the Wxation plane was manipulated separately from the sur-
face’s shape. Two “pedestal” values of a were used for all
stimuli in all tasks. Thus, if relative disparity alone is being
used to achieve 3D shape discrimination, then disparity dis-
crimination thresholds should increase as the distance of
the center of the surface from the Wxation plane increases.
This is the well-established Weber’s law behavior for rela-
tive disparity discrimination. Three-dimensional shape dis-
crimination that is based on a spatial derivative operator,
however, would generate an alternate pattern of results—
disparity discrimination thresholds should be unaVected by
the distance of the center of the surface from the Wxation
plane.
Two independent 3D shape discrimination tasks were
used to measure shape discrimination. In the “within-
shape” task, observers discriminated between surfaces with
the same shape but diVerent disparity ranges (i.e., shallow
vs. deep). In the “between-shape” task, observers discrimi-
nated between surfaces with diVerent shapes but identical
disparity ranges. Thus, the within-shape task requires a
metric re-construction of the disparity Weld, but the
between-shape task does not.
Lastly, following the logic of van Damme and Brenner
(1997), two types of stimuli were used: contour andrandom-dot. Contour stimuli contain disparity information
only at the vertical edges of the surface; higher-order deriv-
atives of disparity are therefore poorly deWned. Random
dot stimuli contain a rich disparity Weld, readily permitting
a determination of second-order disparity. Fig. 2 shows
examples of the stimuli, arranged for crossed fusion.
2. Experiment 1: Within- and between-shape discrimination
2.1. Method
2.1.1. Observers
The author and two practiced naïve participants served
as observers. Each observer had normal or corrected to
normal vision and stereoacuity to at least 20 s arc as mea-
sured by the StereoOptical RandDot circles.
2.1.2. Stimuli
Stimuli were generated and experimental events were
controlled using a Macintosh G4 and the MATLAB Psy-
chophysics Toolbox extension (Brainard, 1997; Pelli, 1997).
Stimuli were displayed on a 20-in. Xat screen monitor
(Mitsubishi Diamond Pro 2060u) that was calibrated for
linear luminance output. The refresh rate of the monitor
was 75 Hz. Observers viewed the stimuli through a modiWed
Wheatstone stereoscope in a dimly lit room. A chin rest sta-
bilized the head, and an opaque septum insured that each
eye viewed half of the display. Observers viewed the display
through two sets of Wxed-position mirrors, resulting in a
fused virtual image at a viewing distance of 120 cm. At this
Fig. 2. Stereograms of the stimuli, arranged for cross-fusion. Both stereo-
grams show the curved standard stimulus (b D 2). The contour stimulus
appears at the top, and the random dot stimulus appears at the bottom.
The black nonius lines did not appear during the experiment; they are
added here to aid free fusion.
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Anti-aliasing of pixel edges was used to generate subpixel
precision. The luminance of the stimuli, measured by a Prit-
chard photometer on a 6 min by 6 min test patch through
the mirrors of the stereoscope was 94 candelas/m2.
Test stimuli were orthographically projected half-images
of 3D surfaces generated using the parabolic function
y D a(xb/max). The variable y is the horizontal position (dis-
parity) assigned to a point on the surface and x corresponds
to the vertical position of a point on the surface. An index
of disparities was Wrst calculated for x values correspond-
ing to the top half of a surface, beginning at the top edge of
the surface and stopping at the center. To complete the
remaining bottom half of the surface, the index of disparity
values was reversed with regard to vertical position. Thus,
the horizontal position of surface points were mirror sym-
metric around a vertical axis through the center of the sur-face. This technique allowed the exponent b to control the
shape of the surface. Values of b equal to 1 generated a
“pointy” surface, containing two planes with opposite slant
in depth and joined at the central peak (see Fig. 3, for exam-
ples of the stimuli in proWle). Values of b equal to 2 gener-
ated a surface whose disparity varied parabolically around
the peak at the vertical axis through the center of the sur-
face. Values of b equal to 3 generated a “boxy” surface.
This surface had a large central portion parallel to the Wxa-
tion plane. Values of b intermediate between these three
standard values generated surfaces of intermediate shape.
The variable max is the maximum value of the function for
a particular b value. The expression (xb/max) generates val-
ues that range from 0 to 1; in other words, each test surface
was normalized by the maximum value of the function for
each b value. The result was scaled by a to control the dis-
parity range. This step ensured that each test surface hadFig. 3. Schematic depiction of the two experimental tasks. Stimuli are shown in proWle. For ease of identiWcation, a standard stimulus is shown in black
and the remaining four test stimuli are shown in gray. In the actual experiment, only one stimulus was presented at a time. The two standard values of a
(distance from the Wxation plane to the center of the surface) are shown. Within-shape task (top two rows): The observer determined whether a given stim-
ulus had a greater depth interval (back edge to peak) than the standard. In this task, test stimuli had identical b (shape) values; the value of a was manipu-
lated around each of the two standard values (5 and 10 cm) in separate sessions. Each of the three standard shapes at each of the two standard a values
were tested in separate sessions. Between-shape task (bottom row): The observer determined whether a given stimulus was more “pointy” or more “boxy”
than the standard. In this task, test stimuli had identical a values; the value of b was manipulated around the parabolically curved standard surface (b D 2).
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horizontal edges of the surfaces were always in the Wxation
plane (disparity D 0). This step also ensured that each test
surface had identical maximum disparity from the point of
Wxation to the center of the surface (disparity D a). Surfaces
were rendered using two standard values of a, so that the
disparity from the Wxation plane to the center of each sur-
face was either 7.5 or 14.1 min. These two disparities corre-
spond to depths of 5 and 10 cm, respectively, at the viewing
distance of 120 cm. Both random dot (density 25%) and
contour surfaces were generated. Each half image sub-
tended 3.1 square deg.
2.1.3. Procedure
The method of single stimuli (Morgan, Watamaniuk, &
McKee, 2000) was used to measure the disparity required
to reliably discriminate a change from a standard stimulus
in all experiments. This method is a variant of the method
of constant stimuli; rather than present an explicit standard
and a test stimulus on each trial, a single test stimulus is
presented and judged relative to the mean of the set. Thus,
the standard stimulus is implicit. Observers were shown the
standard stimulus prior to the start of each session, and
were given a minimum of 50 practice trials (10 presenta-
tions of each test stimulus) prior to data collection for each
standard. Each trial began with the presentation of a
nonius Wxation point. Observers were instructed to con-
tinue only when the nonius Wxation point was stable, insur-
ing proper vergence. A keypress caused the nonius lines to
disappear. A single stimulus was then presented for 200 ms,
a duration too brief to permit additional vergence eye
movements. After viewing this stimulus, observers made a
judgment about it relative to the standard stimulus for that
task.
Observers participated in two tasks in separate sessions.
The Wrst type of task was the within-shape task (Fig. 3, top
rows). A total of 6 standards were used in separate sessions,
corresponding to two values of a (5 and 10 cm) and three
values of b (pointy, curved, and boxy). For each standard,
Wve test surfaces were generated by symmetrically varying
the value of a around the standard value. A set of Wve test
stimuli for a particular standard therefore contained the
standard surface, two surfaces with increasingly smaller a
values than the standard, and two surfaces with increas-
ingly larger a values than the standard. On each trial,
observers were presented with a randomly chosen test stim-
ulus from the Wve test stimuli for that session. For sessions
in which the curved stimulus was the standard, participants
were instructed to judge whether the test stimulus on a trial
looked “more curved” or “less curved” than the standard.
Likewise, for sessions in which the pointy stimulus was the
standard, observers judged whether the current stimulus
was “more pointy” or “less pointy” than the standard.
Finally, for sessions in which the boxy stimulus was the
standard, participants judged whether the current stimulus
was “more boxy” or “less boxy” than the standard. Psycho-
metric functions were generated by plotting the proportionof “more curved” (or “more pointy” or “more boxy”)
responses as a function of the Wve a values of the test stim-
uli in each set.
The between-shape task is also depicted in Fig. 3 (bot-
tom row). In this task the standard surface was always
curved (b D 2). Observers judged whether the shape of the
test stimulus on every trial was more “pointy” or more
“boxy” than the curved standard. Five test stimuli were
generated by symmetrically varying the value of b around
the standard. A set of Wve test stimuli contained the stan-
dard surface, two surfaces with increasingly pointy shapes,
and two surfaces with increasingly boxy shapes. Thus, the
shape of test surfaces (b values) was varied around the stan-
dard b value of 2. Psychometric functions were generated
by plotting the proportion of “more boxy” responses as a
function of the Wve b values of the test stimuli in each set.
Fig. 4 shows typical psychometric functions for an observer
for the within-shape task and for the between-shape task.
Each psychometric function was Wt with a weighted
cumulative normal using Probit (Finney, 1971), and good-
ness-of-Wt was determined using a 2 statistic. Probit analysis
yielded two quantities: a threshold (sensitivity) and a mean
(Point of Subjective Equality for the standard stimulus, or
PSE). The current experiments were primarily concerned
with threshold measurements. For the within-shape task,
means and thresholds are reported in terms of the parameter
a. Within-shape thresholds thus indicate the change in
maximum disparity required to reliably discriminate a test
stimulus from a standard of the same shape. For the
between-shape task, Probit analysis yielded mean and
threshold values in terms of the shape parameter (b) rather
than in terms of disparity (a). To facilitate comparison to the
within-shape task, between-shape thresholds were converted
to disparity. This was achieved by calculating the maximum
diVerence in disparity between the standard surface and the
just-discriminable test surface. Thus, the disparity thresholds
reported for the between-shape task are the most conserva-
tive estimates possible if one assumes that the largest local
diVerence in disparity is used for discrimination. In addition
Fig. 4. Typical psychometric functions for one observer (JB) in selected
conditions. Arrows show the standard for each condition. Left: within-
shape task using a 10 cm (a D 14.1 min) pointy (b D 1) random dot stan-
dard stimulus. The observer judged whether each test stimulus was “more
pointy” than the standard. Right: between-shape task using a 5 cm
(a D 7.5 min) curved (b D 2) contour standard stimulus. The observer
judged whether each test stimulus was “more boxy” than the standard.
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tant to note that the expected PSE using the method of sin-
gle stimuli should be equal to the standard stimulus for that
session. This outcome indicates that the implicit standard
used by observers was the same as the intended implicit
standard. Values of the PSE that are diVerent from the
intended standard indicate that an observer’s standard stim-
ulus was diVerent from the intended standard stimulus. The
method of single stimuli does not allow such biases to be
attributed to perceptual processes; it could be, for example,
that observers make their judgments relative to a mis-
remembered standard stimulus.
Each of the reported thresholds and PSEs are based on a
minimum of 300 observations. For each condition, a singlethreshold was obtained in a 50-trial session. This session
included 10 presentations of each of the 5 test stimuli. A
minimum of six 50-trial sessions (300 trials) was obtained
from each observer. Thus, the data presented are the aver-
age thresholds (and the standard errors of the mean, SEMs)
for 6 sessions.
3. Results and discussion
The top panels of Fig. 5 show the means (PSEs) in the
within-shape task for each observer. Means for the contour
stimuli appear in the top row and means for the random
dot stimuli appear in the second row. A separate function is
plotted for each of the three shape standards (b values).Fig. 5. Means (PSEs/points of subjective equality) for Experiment 1. The data from three observers are shown for both contour and random dot stimuli.
Within-shape task (top tow rows): The PSE is given in disparity (min) on the right ordinate and in depth (cm) on the left ordinate. The PSE for each stan-
dard value of b (shape) is shown in a separate function. Circles, curved standard; triangles, pointy standard; squares, boxy standard. The lower dashed line
in each panel shows the expected PSE for the a D 5 cm surface; the upper dashed line shows the expected PSE for the a D 10 cm surface. Between-shape
task (bottom tow rows): The PSE is given in terms of the shape parameter b. The dashed line shows the expected PSE (b D 2, the standard parabollically
curved surface).
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face (bottom line) and the a D 10 cm surface (top line). If
observers were free from biases, the means should lie on the
bottom line for the 5 cm stimulus and on the top line for the
10 cm stimulus. The data indicate that the observers’
implicit standard had slightly less depth than expected. The
bottom panels of Fig. 5 show PSEs in the between-shape
task for each observer. Means for the contour stimuli
appear in the third row and means for the random dot stim-
uli appear in the bottom row. The dashed line marks the
standard surface in this task (curved, b D 2). The PSEs indi-
cate that observers used an implicit standard that was
slightly more “pointy”(exponent closer to 1) than expected.
Fig. 6 shows shape discrimination thresholds for the
within-shape task (unWlled symbols) and the between-shape
task (Wlled symbols) for each observer. Data for the con-
tour stimuli appear in the top row and data for the random
dot stimuli appear in the bottom row. The average thresh-
olds for the three separate within-shape tasks are shown
with a dotted line. Two eVects are readily evident. First,
within-shape thresholds are higher than between-shape
thresholds. Second, within-shape thresholds generally
increase as the pedestal depth increases, but between-shape
thresholds remain relatively constant. A three factor
(task£ stimulus£pedestal) within-subjects ANOVA on the
log disparity threshold data conWrmed that within-shape
thresholds were signiWcantly larger than between-shape
thresholds (F [1, 2] D 68.5, p D .014) and that the interaction
of task and pedestal was signiWcant (F [1, 2] D 49.9, p D .019).
The Weber fractions (proportion change in disparity
required for discrimination given the standard disparity ped-
estal) for between-shape judgments averaged over observers
and stimulus type were .05 and .02, respectively, for the 5 and
10 cm standard stimulus. These Weber fractions are in therange of those reported by Norman and Todd (1998). For
comparison, the Weber fractions for the within-shape tasks
were .14 and .13, respectively. This indicates much greater
sensitivity when discriminating between diVerent shapes of
the same depth extent than discriminating the same shape
with diVerent depth extents. These Wndings replicate the well-
known division in 3D shape discrimination performance:
observers are much better at discriminating between shapes
than within shapes. The data also show 3D shape discrimina-
tion thresholds in the hyperacuity range. The critical test for
the current work, however, is whether the slopes of the
threshold functions for either task diVer from zero. If shape
discrimination thresholds are dependent on relative disparity,
the slopes should be positive and signiWcantly diVerent from
zero. Slopes that are not dependent on relative disparity
should not be signiWcantly diVerent from zero. The slopes for
all threshold functions shown in Fig. 6 are listed in Table 1.
Fig. 7 shows these slopes averaged over observers and stimu-
lus type (gray bars) for the two experimental tasks. These
averaged slopes were tested for a signiWcant diVerence from
zero using a one-sample Tukey test. The average between-
shape slope was signiWcantly diVerent from zero
(meanD .043, t [5]D7.60, p < .05); the average within-shape
slope was not (meanD .023, t [5]D3.03). The dependence of
Table 1
Threshold function slopes for each observer in each task in Experiment 1
(3 deg surface)
Contour Random dot
Within Between Within Between
DV .018 .004 .048 .032
JB .049 .008 .043 .034
TM .042 .053 .060 .011Fig. 6. Disparity thresholds for Experiment 1. The data for three observers are shown for both contour and random dot stimuli. Thresholds for the within-
shape task are shown with Wlled symbols (circles, curved standard; triangles, pointy standard; squares, boxy standard). The average threshold a cross the
three shape standards is shown with a dashed line. Thresholds for the between-shape task are shown with unWlled symbols. Between-shape thresholds were
calculated as the maximum diVerences in disparity between the standard surface and the just-discriminable test surface. The slope values for these thresh-
old functions appear in Table 1.
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the within-shape task suggests that relative disparity is being
used to accomplish discrimination. Thresholds in the
between-shape task do not appear to depend on the disparity
pedestal, suggesting that relative disparity is not being used
in this task to achieve 3D shape discrimination. Rather, the
data are consistent with a more sensitive disparity derivative
mechanism at use in this task.
Finally, there was also a signiWcant diVerence in threshold
depending on the stimulus type (random dot vs. contour).
Surprisingly, random dot stimuli were found to have higher
thresholds than contour stimuli (F [1,2]D35.9, pD .027). This
outcome is inconsistent with the general idea that sparse dis-
parity information impairs performance. One possible expla-
nation for the advantage of contour stimuli is that they
contained both 2D and 3D cues to surface shape.
Can the diVerences between discrimination performance
in the within-shape and between-shape tasks be attributed to
the use of an implicit standard? In other words, is there any
reason to think that the biases present in the data aVect
thresholds? Morgan et al. (2000) report that thresholds on a
line separation task measured using an implicit standard are
indistinguishable from thresholds measured using an explicit
standard if 20 practice trials are provided. Further, Norman
and Todd (1998) found no diVerence in shape discrimination
thresholds measured using an explicit standard or an implicit
standard. The use of an implicit standard therefore seems an
unlikely explanation for the diVerences in performance in the
current experiment.
4. Experiment 2: Stimulus size
Experiment 2 was concerned with the spatial scale of the
eVect. If higher-level disparity derivatives are used for 3D
shape discrimination, a relevant question is whether this
operation is sensitive to changes in the size or position of
the stimulus. Several neurophysiological studies report
Fig. 7. Threshold function slopes, averaged over observer and stimulus
type. Error bars are standard errors of the mean. ¤SigniWcant diVerence
from zero using a one-sample Tukey test.shape selectivity independent of stimulus size, particularly
for 2D shapes (Ito, Fujita, Tamura, & Tanaka, 1995; Sato,
Kawamura, & Iwai, 1980). Janssen, Vogels, and Obran
(2000), for example, examined the 3D shape selectivity of
neurons in the superior temporal sulcus. Janssen et al.
found some neurons that were selective for 3D shape and
insensitive to position of the stimulus. They also tested
changes in the size of the stimulus and found that, in gen-
eral, a cell maintained its preference for a particular 3D
shape across changes in stimulus size, but the average
response to the preferred stimulus varied as a function of
stimulus size.
The stimuli used in this experiment were identical to
those used in Experiment 1 except that both the horizontal
and vertical extent of the surfaces was increased. As with
the stimuli in Experiment 1, horizontal slices through the
stimuli contain the same disparity, whereas vertical slices
through the stimuli contain changing relative disparity. To
achieve shape discrimination with these stimuli, a disparity
derivative operator must integrate vertically. There is some
evidence that Wrst-order disparity mechanisms have verti-
cally elongated summation Welds (Chen & Tyler, 2006).
Likewise, a disparity derivative operator could, in principle,
achieve greater shape sensitivity by integrating over a larger
vertical extent.
5. Method
The observers, tasks, and analyses were identical to those of Experi-
ment 1. The stimuli were also identical except that each half image now
subtended 6.2 square deg., exactly twice the size of the stimuli in Experi-
ment 1. As before, two standard values of a were used so that the disparity
from the Wxation plane to the center of each surface was either 7.5 or
14.1 min. Thus, the range of disparity was identical to that of Experiment
1, but the change in disparity occurred over a vertical extent exactly twice
the size.
6. Results and discussion
Fig. 8 shows the means in the within-shape task (top).
As before, PSEs were expected to lie on the bottom
dashed line for the 5 cm standard stimulus and on the top
dashed line for the 10 cm standard stimulus. The trend
across observers indicated that judgments were being
made relative to an implicit standard with less depth than
was rendered, particularly with the 10 cm standard. The
bottom half of Fig. 8 shows the PSEs in the between-
shape task. The dashed line marks the standard surface in
this task (curved, b D 2). As in Experiment 1, observers
used a standard that was more “pointy”(b D 1) than
expected. The magnitude of bias in both tasks, however, is
much larger than in Experiment 1. These biases could be
perceptual, but they could also be an indication that
observers were comparing test stimuli to a mis-remem-
bered standard surface.
Despite the biases, observers retained the ability to dis-
criminate between shapes. Fig. 9 shows shape discrimina-
tion thresholds for the within-shape tasks (unWlled
D. Vreven / Vision Research 46 (2006) 4181–4192 4189symbols) and the between-shape task (Wlled symbols) for
each observer. The average thresholds for the three sepa-
rate within-shape tasks are shown with a dotted line. As
was the case in Experiment 1, within-shape thresholds were
elevated relative to between-shape thresholds. A three
factor (task £ stimulus £ pedestal) within-subjects ANOVA
on the log disparity threshold data conWrmed that
within-shape thresholds were signiWcantly larger than
between-shape thresholds (F [1, 2] D 58.7, p D .017) and that
the interaction of task and pedestal was signiWcant
(F [1, 2] D 27.1, p D .035). Unlike Experiment 1, there were
no signiWcant diVerences based on stimulus type.
The slopes for all threshold functions shown in Fig. 9 are
listed in Table 2. As before, these slopes were averaged over
observers and stimulus type for the two experimental tasks
and are shown in Fig. 7 (black bars). The test of interest is
whether the slopes for either task are signiWcantly diVerentfrom zero. A one sample Tukey test showed that neither the
between-shape slope (mean D .030) nor the within-shape
slope (mean D¡.030) was signiWcantly diVerent from zero
(t [5] D 1.44 and ¡1.23, respectively, p > .05). This outcome
suggests that the signiWcant interaction of task and pedestal
occurred because slopes were positive in the between-shape
task but negative in the within-shape task. Between-shape
thresholds increase only slightly as pedestal disparity
increases, and within-shape thresholds decrease slightly as
pedestal disparity increases. Although neither task yielded
threshold functions with slopes diVerent from zero, the
divergent pattern of thresholds as relative disparity
increases may indicate diVerent neural mechanisms are
used in the two tasks.
Importantly, there appears to be no change in shape
discrimination thresholds as the angular size of the stimulus
increases. A diVerence score was calculated for eachFig. 8. Means (PSEs) for Experiment 2. Data is plotted as in Fig. 5.
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by subtracting Experiment 1 lthresholds from Experiment 2
thresholds. A three factor (task £ stimulus£ pedestal)
within-subjects ANOVA on the diVerence scores revealed
no signiWcant eVects. Thus, modest changes in stimulus size
neither enhance nor detract from shape discrimination abil-
ity. This outcome is particularly interesting given that the
same maximum and minimum disparities were used in
Experiments 1 and 2; in other words, the same pattern of
relative disparity occurred over a greater vertical extent in
Experiment 2. A given stimulus thus varied in the magni-
tude of the 2nd derivative of disparity between the two
experiments, but the pattern or “signature” of the deriva-
tive was the same.
7. General discussion
The current experiments show that 3D shapes can be
very accurately discriminated if they diVer in higher-order
disparity derivatives, but 3D shapes with the same
higher-order disparity structure cannot. This outcome is
consistent with previous work comparing the visual sys-
tem’s performance in tasks involving aYne structure and
Euclidean structure and involving a variety of image cues,
including motion, image shading, and texture density
Table 2
Threshold function slopes for each observer in each task in Experiment 2
(6 deg surface)
Contour Random dot
Within Between Within Between
DV .046 ¡.076 .083 .018
JB .048 .010 .062 .033
TM ¡.057 ¡.116 ¡.002 ¡.050(Koenderink & van Doorn, 1991; Norman & Todd, 1998;
Todd & Bressan, 1990; Hogervorst & Eagle, 1998).
The novel Wnding is that discrimination within shapes
depends on the magnitude of relative disparity, but discrim-
ination between shapes does not. The within-shape task in
the current set of experiments is very similar to a typical
disparity increment task. The stimuli in this task had identi-
cal second-order disparity information; the only available
cue for task completion was the relative disparity between
points on the surface. Disparity discrimination thresholds
for the within-shape task increased as the disparity of the
standard stimulus increased. This outcome is consistent
with the Wnding that relative disparity discrimination is
subject to Weber’s law, and that the threshold for detecting
a change in relative disparity depends on the magnitude of
relative disparity.
The between-shape task is a variant of a typical disparity
increment task. The stimuli in this task had distinct second-
order disparity proWles. The minimum and maximum
disparity was constant across stimuli and tasks; thus, the
disparity range in these stimuli could not support task per-
formance. It is possible, however, that observers were using
relative disparity in the between-shape task. If so, the dis-
parity discrimination thresholds should show Weber’s Law
behavior, and should be roughly equivalent to thresholds
for the within-shape task. Neither of these outcomes was
supported. In fact, thresholds for the between-shape task
averaged over observers and stimuli were a factor of 6
lower than thresholds for the within-shape task. This sug-
gests that the between-shape task was accomplished using a
mechanism sensitive to the global rate of disparity change
in the stimuli.
Contour stimuli had higher thresholds, in general, than
random dot stimuli in Experiment 1, but this eVect was not
replicated in Experiment 2. Although both stimulus typesFig. 9. Disparity thresholds for Experiment 2. Data is plotted as in Fig. 6.
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damental diVerences between them. Contour stimuli con-
tained both monocular and binocular cues to depth, and
theses cues changed continuously along the vertical con-
tours of the surface. The disparity information in random
dot stimuli, on the other hand, was discontinuous and con-
tained only binocular cues to depth. Both Norman and
Todd (1998) and Vreven et al. (2002) found that disparity
discriminations on smooth, continuously varying stereo-
scopic surfaces yielded higher thresholds than discrimina-
tions using discontinuous image information such as
random dots or texture. This issue needs to be investigated
in further work.
The angular size of the surfaces had little eVect on dis-
crimination performance. This contrasts with studies of
structure-from-motion, in which shape discrimination
thresholds increase with angular size using orthographic
projection (Hogervorst & Eagle, 1999). One reason for this
diVerence may be that the largest surface in the current
work was around 6 deg, whereas Hogervorst and Eagle
(1999) found eVects of angular size at 8 deg. Although
increasing the angular size did not aVect thresholds, it did
increase the magnitude of biases. Unfortunately, the
method of single stimuli used in the current work does not
allow biases to be attributed to a speciWc cause. Perceptual
biases, however, are well-documented in structure-from-
motion and stereoscopic shape discrimination tasks
(Hogervorst & Eagle, 1998; Johnston, 1991; Tittle, Todd,
Perotti, & Norman, 1995). Several authors have argued that
these biases are due to resolution limits early in visual pro-
cessing, when 2D information is extracted (Hogervorst &
Eagle, 1998; Yuille & BulthoV, 1996). If the biases found in
the current work are perceptual, it may explain why larger
biases were found with increased stimulus size. Large stim-
uli displayed with orthographic projection are a poor sub-
stitute for the perspective projection of natural viewing
(Hogervorst & Eagle, 2000).
A number of physiological studies have suggested the
existence of disparity-sensitive shape detectors in inferior
temporal cortex (Janssen, Vogels, & Obran, 1999, 2000;
Tanaka, Uka, Yoshiyama, Kato, & Fujita, 2001). The cur-
rent experiments show that such detectors may be used to
discriminate 3D shapes based on higher-order disparity
derivatives.
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